A cyclical control circuit composed of four master regulators drives the Caulobacter cell cycle. We report that SciP, a helix-turn-helix transcription factor, is an essential component of this circuit. SciP is cell cycle-controlled and co-conserved with the global cell cycle regulator CtrA in the α-proteobacteria. SciP is expressed late in the cell cycle and accumulates preferentially in the daughter swarmer cell. At least 58 genes, including many flagellar and chemotaxis genes, are regulated by a type 1 incoherent feedforward motif in which CtrA activates sciP, followed by SciP repression of ctrA and CtrA target genes. We demonstrate that SciP binds to DNA at a motif distinct from the CtrA binding motif that is present in the promoters of genes co-regulated by SciP and CtrA. SciP overexpression disrupts the balance between activation and repression of the CtrASciP coregulated genes yielding filamentous cells and loss of viability. The type 1 incoherent feedforward circuit motif enhances the pulse-like expression of the downstream genes, and the negative feedback to ctrA expression reduces peak CtrA accumulation. The presence of SciP in the control network enhances the robustness of the cell cycle to varying growth rates.
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CtrA | feedback | genetic circuit T he Caulobacter crescentus cell cycle is controlled by a cyclical genetic circuit comprising four proteins-DnaA, GcrA, CtrA, and CcrM-that pace the progress of the cell cycle and assure that the subsystems that implement the cell cycle are initiated in a tightly controlled order (1) (2) (3) (4) (5) (6) (7) (8) . DnaA, GcrA, and CtrA are global transcriptional regulators that control nearly 200 cell cycleregulated genes (4, 5, 9) . This cell cycle control system drives progression of the Caulobacter cell cycle in a near-mechanical step-like fashion. Simulation and analysis of the Caulobacter cell cycle control system has shown that the overall circuit design has been selected to be robust to the inevitable stochastic variations in intrinsic reaction rates and nutrient supplies (2) . The Caulobacter cell cycle regulatory architecture is widely conserved, in whole or part, among the α-proteobacteria (10) .
The CtrA response regulator plays a pivotal role in the control of polar morphogenesis and cell cycle progression. To control the timing of CtrA function, the cell regulates both CtrA activity, by controlling its phosphorylation state, and CtrA accumulation, by inhibiting ctrA transcription upon DNA remethylation of newly replicated chromosomes (11) , and by the temporal regulation of CtrA proteolysis (12, 13) . We report here that SciP (CC0903), also identified by Gora et al. (14) , provides another layer of control. SciP represses the transcription of late predivisional cell and swarmer cell genes that were activated by CtrA. We show that SciP is an essential helix-turn-helix (HTH) transcription factor, and we identify its binding motif by DNase I footprinting. Multiple flagella and chemotaxis genes are activated by CtrA and subsequently repressed by SciP that accumulates preferentially in the swarmer cell. The promoters of most of these genes contain a SciP DNA binding motif upstream of a CtrA binding motif. The transcription of sciP is tightly cell cycle-controlled, and mis-timed expression of sciP results in cell death. CtrA activates the transcription of sciP and SciP negatively regulates CtrA accumulation by binding to the promoter of ctrA and repressing its transcription. Our coimmunoprecipitation results and reported yeast two-hybrid and gel retardation experiments (14) suggest that interaction between SciP and CtrA mediates SciP repression of CtrA activated genes. We propose that SciP's principal function in cell cycle regulation is to enhance the robustness of the core cell cycle control circuit.
Results sciP Is Cell Cycle-Regulated. Microarray gene expression profiles (Fig. 1A, Upper) and Northern blot assays (Fig. 1A, Lower) showed that the sciP transcript peaks approximately 30 min after the peak of ctrA transcription. Immunoblots using antibodies to SciP showed that the level of SciP increased in the late predivisional cell and peaked at the time of cell division (Fig. 1B) . Immunoblots of samples from the same synchrony using antibodies to the CtrA and GcrA global regulators and to the CckA histidine kinase were used as controls. The swarmer and stalked cell progeny were separated and immunoblots showed that SciP accumulated specifically in the daughter swarmer cell, as did CtrA, as previously reported (15) . Also as previously reported, GcrA accumulated in the stalked daughter cell (5), and CckA was present throughout the cell cycle (16).
To investigate the effects of constitutive expression of sciP, we placed the sciP gene on a high copy plasmid under the control of a vanillate-inducible promoter (P vanA ) in the presence of a chromosomal copy of the native sciP gene. Within 6 h of induction with 0.5 mM vanillate, cell division was aberrant; after 11 h, the cells were very filamentous (Fig. S1A) . Assays of colony forming units showed that survival dropped 100-fold over approximately 30 h (Fig. S1B ). We generated a strain (MHT277) in which sciP was placed on a high copy plasmid under the control of its own promoter so that the levels of SciP remained cell cycle-regulated (Fig. S2A) . Although DIC images showed some filamentation, this culture appeared similar to WT (Fig. S2A) , suggesting that correct timing of SciP accumulation is critical for normal cell cycle progression.
CtrA Activates Expression of sciP. Because the sciP promoter contains a CtrA motif between its −10 and −35 regions ( Fig. 2A) , we monitored the level of expression of both the SciP protein and the sciP transcript when the level of active CtrA was perturbed.
Using strain LS4190, we induced the expression of a CtrA phosphomimetic encoded by ctrAD51EΔ3Ω (15) on a high copy plasmid and determined the relative levels of the SciP and CtrA at the indicated times after induction by immunoblot analysis (Fig.  2B , Left). GcrA and ZapA served as controls. As expected, the level of GcrA dropped rapidly, as CtrA represses the transcription of gcrA (5). In contrast, the level of SciP increased, indicating that CtrA activates sciP expression. To confirm this observation, we examined the protein levels of GcrA and SciP in a mutant strain, LS2195, bearing a temperature sensitive allele, ctrA401ts (17) . Upon a shift to restrictive temperature, the level of GcrA increased whereas the level of SciP decreased rapidly (Fig. 2B , Right). No significant changes were observed when we shifted the WT strain LS101 to 37°C. The level of the sciP transcript was measured by quantitative real-time PCR upon induction of the stable CtrA variant CtrAD51EΔ3Ω (Fig. 2C) . The transcript level of sciP increased approximately sixfold within 1 h after induction, whereas that of gcrA decreased. Cumulatively, these results indicate that CtrA is a positive regulator of sciP expression.
SciP Is an Essential Global Transcriptional Regulator. To determine if SciP functions to control the expression of specific cell cycleregulated genes, we carried out immunoblots of strain MHT68, with the native copy of sciP on the chromosome and a copy of sciP under the control of a xylose-inducible promoter on a high copy plasmid (Fig. 3A) . At 30 min after induction of sciP, SciP levels increased and both CcrM and CtrA exhibited a decrease in protein accumulation. By 90 min after induction of sciP, the levels of both CcrM and CtrA, but not GcrA, were significantly reduced. When we overproduced SciP in a strain containing the ctrAΔ3Ω allele, which encodes a version of CtrA that cannot be degraded, as the only copy of ctrA, the protein levels of CtrA were still found to decrease (Fig. S3 ), suggesting that increased proteolysis was not the reason for the decreased level of CtrA during sciP over production. We found, as did Gora et al. (14) , that CtrA was stabilized during sciP overexpression (Fig. S4) .
To determine if SciP is a transcriptional regulator of ctrA, we measured the transcript level of ctrA during sciP overexpression by quantitative real-time PCR. In a strain carrying an empty vector control (MHT338), addition of inducer did not alter the transcript level of sciP or ctrA, whereas in the MHT171 strain carrying a high-copy plasmid with sciP under the control of P vanA , addition of the vanillate inducer resulted in an increase in the transcript level of sciP and a concomitant decrease in the transcript level of ctrA (Fig. 3B) . Thus, the overproduction of SciP repressed, either directly or indirectly, the transcription of ctrA.
We used microarray analysis after chromatin immunoprecipitation (ChIP-on-chip) to determine the direct targets of SciP. Sixty-six distinct peaks were identified, 52 of which corresponded to the promoter regions of predicted ORFs. Twenty-one peaks corresponded to DNA positioned between divergently transcribed genes and thus could be binding to either or both promoters of two different annotated genes. Thus, the promoter regions of at least 73 genes were predicted by our ChIP-on-chip experiment to be bound by SciP. Many of these genes are the first gene in operons, so including downstream genes, SciP could affect transcription of approximately 130 genes. We could not delete SciP in either rich or minimal media, suggesting it is an essential gene.
SciP Directly Controls the Transcription of ctrA. To determine if SciP binds directly to the CtrA promoter, we carried out DNase I protection experiments with purified His 6 -SciP and the ctrA P1 promoter. These in vitro footprinting experiments revealed that SciP protected two sites within the region upstream and on the opposite strand of the CtrA binding motif; −39 to −48 and −70 to −79 (Fig. 3C) . The direct binding of SciP to the ctrA promoter was confirmed by ChIP experiments followed by quantitative realtime PCR (ChIP-PCR) using a strain expressing chromosomal m2-sciP under control of the native sciP promoter as the only copy of sciP in the cell (MHT267). Cumulatively, these results demonstrate that SciP binds to the ctrA promoter in vivo and in vitro. The sequences in the ctrA promoter protected by SciP are shown in Fig.  3D . Both SciP binding sites align with the previously identified cc_9 motif (18) that is found in the promoter regions of genes expressed late in the cell cycle and whose promoters have a CtrA binding motif between their +1 transcription start site and the SciP binding site (18) . In a less common configuration, the ccrM promoter has the CtrA binding site directly upstream of the SciP binding motif.
SciP Regulon Includes Genes with both SciP and CtrA Binding Motifs in Their Promoters. By combining experimental and genomic evidence, we identified the genes in the SciP regulon. A subset is shown in Fig. 4A , and the complete list is in Dataset S1. Fig. 5A shows results of ChIP followed by quantitative real-time PCR of a subset of these genes including ctrA and ccrM, as well as many flagella and chemotaxis genes. The genes in Fig. 4A have at least one CtrA and one SciP binding site on either the coding or noncoding strand, and their expression profile peaks in the predivisional cell after accumulation of CtrA. CtrA activates these genes. Then, after a delay for SciP accumulation, SciP represses their expression. The regulation of the ctrA P2 promoter fits this pattern, as do many flagella and chemotaxis genes. The SciP binding motif logo (Fig. 4B) is derived from the SciP regulon. Fig. 5C shows the Caulobacter cell cycle control circuit with the addition of SciP regulation of ctrA, flagella genes, and chemotaxis genes.
SciP Binds DNA at Its HTH Motif. We used the fold and function assignment system (FFAS; http://ffas.burnham.org/) that has been demonstrated to detect homologies beyond the reach of other methods to search for protein structures in the Protein Data Bank that are homologous to SciP (19, 20) . Among the results was the structure of a SciP homologue bound to a cognate DNA segment. The predicted structure of the SciP:DNA complex is shown in Fig.  5B and Fig. S5 . SciP has the HTH motif found in virtually all prokaryotic transcription factors, and the FFAS analysis showed this to be the SciP DNA-binding domain. Six strains with individual SciP amino acid substitutions in the predicted DNA recognition domain eliminated the filamentation phenotype when overexpressed (Fig. 5B) , strongly suggesting that the regulatory action of DNA-bound SciP causes the phenotype. Two of these substitutions (R35A and R40A) were also identified by Gora et al. (14) and interpreted as being in the site involved in a CtrA-SciP interaction.
Interaction of CtrA and SciP. To detect interactions between SciP and CtrA, we performed a coimmunoprecipitation experiment with strain MHT267 containing chromosomal m2-sciP under control of the native sciP promoter as the only copy of sciP in the cell. We divided the MHT267 cell lysate and added anti-FLAG M2 agarose to one sample and mouse IgG agarose to the other. We observed enrichment of CtrA when anti-FLAG M2 agarose was used compared with mouse IgG agarose, but there was no enrichment of the CckA control (Fig. S2C) . These results suggest that SciP and CtrA interact directly or indirectly in vivo.
Discussion
In this study, we report that SciP is an essential global transcription factor with a major role in control of the Caulobacter cell cycle. The evidence reported in this article and results of Gora et al. (14) show that SciP acts as a repressor of genes activated by CtrA. Gora et al. (14) surmised that the mechanism of this repression involved SciP binding solely to CtrA and thus preventing CtrA from recruiting RNA polymerase. We have discovered that SciP, a winged HTH protein, binds directly to a specific motif present in the promoters of genes activated by CtrA and repressed by SciP. These genes have both SciP and CtrA binding motifs in their promoter regions, leading to a new model for SciP control in which SciP-DNA interaction is a component of SciP-mediated repression of CtrA-activated genes.
Our experiments, as well as those by Gora et al. (14) , suggest that the two proteins interact. Gora et al. also reported gel shift experiments that support a direct interaction between SciP and CtrA (14) . It remains an open question whether the mechanism of SciP repression is indirect, through disruption of CtrA∼P's ability to recruit RNAP, or through more direct interference in the activation of transcription by CtrA. The spacing on the DNA between the 5′ end of the CtrA binding site and the start of the SciP motif is quite variable, with most between 35 and 50 bp. A CtrA-SciP interaction on the DNA may provide incremental binding energy to SciP binding and thus lead to a more rapid onset of repression of CtrA-activated genes.
Function of SciP in Caulobacter Cell Cycle Regulation. We have previously shown that Caulobacter cell cycle progression is driven by a cyclical genetic circuit (1, 2, 8) that is robust with respect to variations in environmental nutrients and to inevitable stochastic variations in reaction rates (2) . SciP adds multiple feedback pathways that further modulate operation of this control circuit (Fig.  5C ). ctrA-positive autoregulation favors rapid initial accumulation of CtrA following its initial activation by GcrA, and thus definitive regulation of the many downstream CtrA-regulated genes, but it also could lead to more CtrA in the cell than needed. The delayed negative regulatory feedback via the SciP pathway would allow the rapid initial CtrA accumulation followed by a tempering of peak CtrA concentration. We tested this by comparing simulated CtrA expression profiles with and without SciP at two different growth rates by using our Caulobacter cell cycle control simulation (2) ( Table S1 ). The results predict that CtrA would grow to much higher peak levels under slower growth conditions without the SciP negative feedback, whereas with SciP, the peak CtrA level was much less sensitive to growth rate. The pulsed temporal pattern of CtrA in the cell was also much less sensitive to growth rate with SciP. As Caulobacter clears CtrA from the cell once per cell cycle by regulated proteolysis, production of excess CtrA is both energetically costly and deleterious to proper functioning of the cell cycle. A DnaA binding motif is present downsteam of the SciP +1 site ( Fig. 2A) and SciP levels increase in a DnaA deletion (Fig.  S2B) , suggesting that DnaA represses sciP. This repressive link would be useful in situations in which DnaA levels are unusually high (e.g., a stochastic high excursion of DnaA). In that case, SciP accumulation would be repressed, reducing SciP repression of ctrA, providing higher levels of CtrA to prevent reinitiation of DNA replication by the anomalously high DnaA level. This is another example of a cell cycle control circuit design feature that enhances robustness by preventing timing glitches (2) . The regulatory configuration of CtrA and SciP and their coregulated genes fits the type-1 incoherent feedforward loop circuit motif that is found in many regulatory circuits, often in arrangements in which multiple functionally related genes are coordinately regulated (21) (22) (23) . The type-1 incoherent feedforward loop motif is a regulatory configuration in which an activator (i.e., CtrA) controls a target gene (e.g., a flagellar gene) and also activates a repressor of that target gene (i.e., SciP). Simulation of the dynamics of a downstream gene activated by CtrA with and without the SciP pathway again suggests greatly reduced sensitivity of both peak protein levels and of the pulselike temporal pattern of expression to growth rate with the SciP pathway present. It thus appears that SciP's primary function is to enhance the robustness and reliability of Caulobacter cell cycle control in response to both intrinsic stochastic variations in reaction rates and environmental variations affecting growth rates.
Materials and Methods
Caulobacter strains used are listed in Table S2 . His 6 -SciP protein was purified using a Nickel column and an ion exchange column. RNA was isolated using TRIzol-chloroform and separated in a glyoxal-agarose gel for Northern blotting. For ChIP, cells were fixed in formaldehyde before sonication and for coimmunoprecipitation, cells were cross-linked with dithiobis(succinimidyl propionate). All microarray experiments were performed using the custom-designed CauloHI Affymetrix chip. Additional details are provided in SI Materials and Methods and Table S3 .
